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Available online 7 May 2010AbstractTo investigate downward ionospheric-penetration characteristics of VLF (several hundred Hz to 17.8 kHz) whistler-mode
waves, we conducted simultaneous observations (in 2006) of natural VLF waves using both ground stations in Antarctica and the
Japanese Akebono satellite. The ground-based and satellite observations included an interesting event for which both observed
similar VLF waves. In this study, we theoretically calculate down-going whistler-mode wave propagation based on ground-satellite
observations using the full-wave analysis. In a case study, the observed wave-normal angles were approximately 140e160 degrees
for a dayside chorus event on 15 March 2006. The theoretical calculation showed that the wave-normal angles for ionospheric
penetration should be around 155.6 degrees, with its angular width of approximately 2 degrees. Moreover, the wave-energy loss due
to ionospheric penetration is estimated at 20.4 dB based on our theoretical calculation, in accordance with the observed 17e19 dB.
 2010 Elsevier B.V. and NIPR. All rights reserved.
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A number of VLF (several hundred Hze17.8 kHz)
whistler-mode-related phenomena have been studied
using coordinated ground-based and satellite obser-
vations. Such simultaneous observations may yield
clues to understanding important problems, including
that of the downward ionospheric penetration of
whistler-mode waves discussed in this study. Other
relevant problems include the influence of whistler-* Corresponding author.
E-mail address: ozaki@reg.is.t.kanazawa-u.ac.jp (M. Ozaki).
1873-9652/$ - see front matter  2010 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2010.04.008mode wave propagation on the ionospheric electron-
density structure and the physical process governing
wave-particle energy exchange. However, it is
generally difficult to observe related VLF signals
using simultaneous ground-satellite observations,
because many conditions must be satisfied, including
the satellite trajectory, the ionospheric conditions,
and the natural VLF emission activity. To date,
researchers have reported several events but have
been largely unable to find strong correlations
between ground-based and satellite VLF signals (e.g.,
Gurnett, 1966; Makita, 1979; Srivastava, 1974). On
the other hand, Sato et al. (1981) presented apparentreserved.
432 M. Ozaki et al. / Polar Science 4 (2010) 431e441simultaneous ground-based (Syowa Station in
Antarctica) and satellite (ISIS 1 and 2) observations
of quasi-periodic (QP) VLF emission, where the
intensity modulation of QP emission observed by the
satellites exhibited a one-to-one correspondence to
that observed at Syowa Station, with very high
coherence. More recently, whistler-mode wave-
injection experiments with a radio sounder aboard the
IMAGE satellite were conducted to study the iono-
spheric penetration of whistler-mode waves to the
ground, as well as related whistler phenomena
(Sonwalkar et al., 2001). These authors discussed the
possibility of downward ionospheric penetration and
signal reception on the ground by the ray-tracing
analysis. However, they did not obtain actual ground-
based observation results, which could have proved
their discussion. Chum and Santolı´k (2005) per-
formed a ray-tracing analysis of nonductedly propa-
gating lower-band chorus waves. They showed that
the ray trajectories of the waves significantly diverge
at the typical frequencies of the lower-band chorus,
but some of those could reach the upper ionosphere
(and a fraction of their energy may leak to the
ground) when the waves propagate approximately
vertically into the lower ionosphere. In other studies,
ray-tracing analyses have been used to evaluate the
ionospheric penetration of whistler-mode wave
propagation (e.g., Makita, 1979; Ohta et al., 1996;
Tanaka and Hayakawa, 1985). However, ray-tracing
analysis cannot be used in the presence of abrupt
variations in the plasma density, such as in the lower
ionosphere. Thus, many previous studies related to
the ionospheric penetration of VLF whistler-mode
waves using ray-tracing analysis did not evaluate the
effects of the ionospheric D region (70e90 km alti-
tude), such as the partial reflection and collisional
damping of the waves. Such effects of the lower
ionosphere on down-going whistler-mode waves are
particularly important for evaluating not only their
propagation characteristics but also the associated
energy losses. In the theoretical calculation for the
VLF whistler-mode wave propagation between the
ground and the high altitudes (satellite), we have
applied the full-wave analysis, which rigorously
calculates the VLF wave propagation in the lower
ionosphere assumed as a multiple-stratified aniso-
tropic medium (Nagano et al., 1975).
In this study, we interpret simultaneous observa-
tions of natural VLF waves by ground stations and the
Akebono satellite (Kimura et al., 1990), by calculating
the expected wave propagation based on the full-wave
analysis. We conducted multipoint ground-basedobservations of natural VLF waves at three stations
near Syowa Station (L-value: 6.2) in Antarctica in
2006. A couple of interesting events suitable for
studying the ionospheric penetration were obtained
through collaboration between our ground-based
observations and the Akebono satellite. Here, we
present two typical events: (1) an observation of VLF
emission by the Akebono satellite that was not
recorded by any of the ground stations, and (2)
observations of similar signals of natural VLF emis-
sions by both the ground stations and Akebono satel-
lite. We explain these differences based on the
ionospheric penetration characteristics of VLF whis-
tler-mode waves. We discuss the ionospheric VLF
penetration based on the ground-satellite observations
and the full-wave calculation. Full-wave analysis has
a number of advantages in studying ionospheric
penetration. First, the effects of the lower ionosphere
are considered. We can evaluate the propagation not
only in the lower ionosphere but also in the
Eartheionosphere waveguide, as we consider the
calculation model consisting of ionosphereefree
spaceeground. Second, we consider the effects of the
direction and amplitude of the geomagnetic field and
its anisotropy in the ionosphere. These effects are
important for ionospheric propagation as well as
propagation in the Eartheionosphere waveguide. The
differences between eastewest and westeeast propa-
gation in the Eartheionosphere waveguide are also
considered (Budden, 1985). Third, the full-wave
solution is obtained from our analytical computation
of the wave equation, so that we can theoretically
evaluate the wave-energy loss caused by ionospheric
penetration, which cannot be evaluated on the basis of
ray-tracing analysis. Thus, we can rigorously evaluate
the downward ionospheric penetration of VLF whis-
tler-mode waves using the full-wave calculation and
we are able to compare it with ground-based and
satellite observational results.
This paper is arranged into six sections. Section 2
describes the VLF receivers at the ground stations as
well as those aboard the Akebono satellite and shows two
typical examples of ground-satellite observations of
natural VLF waves. The full-wave calculation of the
down-going whistler-mode wave propagation is
described inSection 3. InSection 4,we calculate thewave
propagation from the ionosphere down to the ground.
Then, in Section 5, we examine the calculated wave-
energy loss due to ionospheric penetration and compare it
with our observations. Finally, Section 6 provides
a summary of the key properties of the polar ionospheric
penetration of down-going whistler-mode waves.
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natural VLF waves in Antarctica
In this section, we describe the general character-
istics of our ground-based and satellite observations of
VLF waves. We will present two typical events of
natural VLF waves in Antarctica.
2.1. Ground-satellite observations of VLF waves
To investigate the ionospheric penetration of down-
going whistler-mode waves, we conducted unmanned
ground-based observations of natural VLF waves at
three stations (West Ongul, Skallen, and H100) near
the Japanese main station Syowa (L-value: 6.2) in
Antarctica in 2006 (Ozaki et al., 2008). The three
unmanned ground stations are separated from each
other by approximately 80 km. We installed filter-
bank-type autonomous observation systems to detect
VLF magnetic fields at each station. The ground-based
receivers provide continuous information on the
northesouth and eastewest horizontal magnetic-field
intensities and its polarization in four frequency
channels (0.5, 1, 2, and 6 kHz), with a time resolution
of 0.5 s at West Ongul, and 6 s at Skallen and H100.
The Akebono satellite is a Japanese scientific satel-
lite (Kimura et al., 1990) that was launched in 1989 into
a semi-polar orbit with an apogee of 10,000 km,
a perigee of 300 km, and an inclination of 75 degrees.
The Akebono satellite has, thus far, been operating for
over 20 years. The VLF wave instruments aboard the
satellite include several analyzers operating in the
frequency range from a few Hz to 17.8 kHz for analysis
of electric- and magnetic-field components. In partic-
ular, we use the multi-channel analyzer (MCA) and the
Poynting-flux analyzer (PFX), which are both subsys-
tems of the VLF instruments. The MCA provides rough
dynamic spectrograms of ionospheric plasma waves. It
has 16 channels that are spaced logarithmically in the
frequency range from 3.16 to 17.8 kHz, with center
frequencies at 3.16, 5.62, 10.0, and 17.8 Hz  1,  10,
 100, and  1000, each of which has a bandwidth
covering 30% of its center frequency. The MCA’s time
resolution is 0.5 s. The PFX is composed of triple super-
heterodyne receivers dedicated to observing five elec-
tromagnetic components (two electric- and three
magnetic-field components). The PFX produces
a narrow-band signal waveform with a bandwidth of
50 Hz. In the observation discussed here, the PFX was
operated for 3 s at the relevant observation frequency.
The observation frequency is either automatically
stepped or kept fixed.We can calculate thewave-normaland Poynting flux from the PFX data. In previous
studies, PFX data have been used to determine wave-
normals using several methods, including the Means
method (Means, 1972) (e.g., Nagano et al., 1993), the
maximum-entropy method (Kasahara et al., 1994),
and the PhillipseTikhonov regularization method
(Kasahara et al., 1994, 1995). More details about the
VLF instruments aboard the Akebono satellite are given
in Kimura et al. (1990).
2.2. Ground-satellite observation events of natural
VLF waves
Our unmanned ground-station and the Akebono
satellite observations of natural VLF waves were all
conducted in 2006. During periods when the predicted
orbit of the satellite covered a magnetic footprint (at an
altitude of 120 km) within a horizontal distance of
500 km from our ground stations, natural VLF waves as
well as other quantities (e.g., the geomagnetic field)
were observed and accumulated in a data logger aboard
the Akebono satellite, for a time period of 7 min. The
stored data were downlinked to a tracking station at
Uchinoura (Japan). In 2006, the satellite trajectory
satisfied these conditions approximately 90 times while
the schedule of the tracking station was available
simultaneously. Most of the observational data obtained
by the Akebono satellite showed no specific VLF
emission. We only found one VLF emission event that
was simultaneously observed by the satellite and from
the ground.
Fig. 1 shows an example of the simultaneous
ground-satellite observations of natural VLF waves,
obtained on 3 February 2006. The lower panels show
the three ground-based observations between 11:00
and 20:00 universal time (UT) of the horizontal
magnetic-field intensities (BNS
2 þ BEW2 ) in the
frequency channels at 0.5, 1, 2, and 6 kHz. The UT at
the ground stations is approximately the same as the
magnetic local time (MLT). The red, green and blue
lines are the profiles observed at West Ongul, Skallen,
and H100, respectively. These plots have been
smoothed to a 1-min average to effectively remove
impulsive sferics (Smith, 1995), and 0 dB corresponds
to 1033 T2/Hz. The upper panel shows an MCA
spectrogram of the electric field in the frequency range
from 3.16 to 17.8 kHz observed by the Akebono
satellite from 19:01 to 19:09 UT (as indicated by the
rectangle on the ground-based observation). The MCA
spectrogram was averaged over 8 s time intervals to
reduce the effect of the satellite spin modulation, and
0 dB corresponds to 106 mV/m/Hz1/2. The magnetic
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Fig. 1. Akebono satellite and ground-based observation results for 3
February 2006.
Fig. 2. Magnetic footprints of the Akebono satellite in the lower
ionosphere (altitude 120 km) for 19:03:00e19:06:00 UT on 3
February 2006.
434 M. Ozaki et al. / Polar Science 4 (2010) 431e441footprints of the Akebono satellite, projected down to
an altitude of 120 km (in the ionosphere), taken every
30 s during the time interval from 19:03:00 to 19:06:00
UT, are superimposed on a map showing the three
Antarctic ground stations, see Fig. 2. The altitude of
the satellite is given next to the UT labels in Figs. 1
and 2. In this event, the MCA spectrogram observed
at around 19:04:30 (at a low altitude of approximately
700 km, immediately above the ground stations)
showed strong, wide-band signals covering the
frequency range of the ground-based observation from
0.5 to 6 kHz, which are likely to be hiss emissions
(Makita, 1979). However, the observations at the three
ground stations showed no specific enhancement of the
signal levels at any of the frequency channels at the
same time as the Akebono observation. We simulta-
neously recorded the ULF magnetic field (using an
induction magnetometer) and cosmic-noise absorption
(CNA, using a riometer) at Syowa Station. Neither
evidence for a strong geomagnetic disturbance nor
CNA were seen at this time. Therefore, the hiss emis-
sions in the upper ionosphere were probably unable to
penetrate through the lower ionosphere to the ground.
Another example of simultaneous ground-satellite
observations (taken on 15 March 2006) is shown in
Fig. 3. The upper and lower panels are the electric-fieldMCA spectrogram of the Akebono satellite, observed
from 14:49 to 14:57 UT, and the magnetic-field
intensities observed at West Ongul from 9:00 to 17:00
UT, respectively. Unfortunately, other ground-based
magnetic-field measurements at Skallen and H100, not
shown here, were not accurate on this day because the
data transmissions from these ground stations to Japan,
via the IRIDIUM satellite, were being adjusted. The
ground-based signal levels recorded at West Ongul in
the 0.5, 1, and 2 kHz frequency channels showed active
dayside chorus emission (Smith, 1995; Smith et al.,
2004) from 9:00 to 13:30 UT, after which the signal
levels in these frequency channels became quiet until
14:30 UT when chorus emission was observed again.
Fortunately, we obtained the natural VLF wave data of
the Akebono satellite as shown in the upper panel of
the MCA spectrogram in this second active chorus
event on the ground framed by a rectangle. The MCA
spectrogram shows the narrow-band signals of natural
VLF waves around 1 kHz, in accordance with the
signal enhancements in the 0.5, 1, and 2 kHz channels
of the ground station. We do not have the more detailed
spectrogram data for the event observed on 15 March
2006. On the other hand, diurnal variations of chorus
occurrence and frequency properties have been studied
statistically based on long-term observations of natural
VLF waves at Syowa Station (e.g., Kokubun et al.,
Fig. 3. Akebono satellite and ground-based observation results for
15 March 2006.
Fig. 4. Magnetic footprint of the Akebono satellite in the lower
ionosphere (altitude 120 km) for 14:52:00e14:55:00 UT on 15
March 2006.
435M. Ozaki et al. / Polar Science 4 (2010) 431e4411969). It is known that chorus is frequently observed
during the daytime and especially in the summer
season, with a peak-frequency range from 400 to
800 Hz, at Syowa Station. Based on previous statistical
studies, we assumed that this event was VLF chorus
emission. The magnetic footprints of the Akebono
satellite in the time interval from 14:52:00 to 14:55:00
UT on 15 March 2006 are plotted in Fig. 4. The
magnetic footprint of the Akebono satellite at 14:53:00
UT, closest to the ground stations, was approximately
300 km (horizontally) from West Ongul. In this event,
the VLF chorus emission could have penetrated the
lower ionosphere down to the ground station. From
among our approximately 90 observations, only this
single event was observed simultaneously from the
ground and by the satellite, because many conditions
(the satellite trajectory, the ionospheric conditions, the
geomagnetic field, the solar wind, and the natural VLF
emission activity) must be satisfied for such a simulta-
neous observation of natural VLF waves.
It is known that the ionospheric penetration of VLF
whistler-mode waves is determined by the “trans-
mission-cone angle” (see chapter 3 in Helliwell, 1965),
which is defined by the ionospheric refractive index.
The downward ionospheric penetration through the D
region with the transmission-cone angle was notdiscussed by the previous researches (e.g., Chum and
Santolı´k, 2005) from the viewpoint of comparison
between the observations and theoretical calculations,
as they used just ray-tracing analyses. Moreover, they
did not evaluate the wave-energy loss from the satellite
altitude to the ground. In the present study, we discuss
wave propagation as well as the energy loss through
the ionospheric D region using both our observations
and calculations. In the next section, we rigorously
evaluate the propagation of the down-going whistler-
mode waves in the ionosphere within the transmission-
cone angle based on a theoretical calculation.
3. Ionospheric penetration of down-going whistler-
mode plane waves
To rigorously evaluate the ionospheric penetration of
down-going whistler-mode waves, we performed
a theoretical calculation using the full-wave analysis
developed by Nagano et al. (1975). A schematic illus-
tration of the model used in the full-wave calculation is
shown in Fig. 5. The y and z axes point to the magnetic
north and in the vertical direction, respectively.
Geomagnetic field lines exist in the yez plane and the x
axis is perpendicular to the yez plane. In this full-wave
calculation, we use a one-dimensional calculation
model consisting of a horizontally stratified ionosphere,
436 M. Ozaki et al. / Polar Science 4 (2010) 431e441free space, and the ground. The ionosphere is composed
of a cold plasma medium, characterized by the electron
density and collision frequency, because the positive
ions do not significantly affect wave propagation in the
frequency range of the ground-based observations. Full-
wave analysis considers the effects of the inhomoge-
neous, anisotropic ionosphere and of the direction and
amplitude of the geomagnetic field lines. The calcula-
tion algorithm is the same as that described by Nagano
et al. (1975), which takes into account mathematical
techniques (such as scaling down and orthogonaliza-
tion) for avoiding the numerical swamping caused by
evanescent modes (Pitteway, 1965).
Awhistler-mode plane wave is incident from the top
layer of the ionosphere with an incident angle qi, where
its wave-normal makes an angle qkB with respect to the
geomagnetic field direction. The injected whistler-
mode plane waves can penetrate into the ionosphere if
their wave-normal angles lie within a specific cone
angle q0 called transmission-cone angle. It is given by
Snell’s law as follows,
ntop sin q0 ¼ 1; ð1Þ
where ntop is the refractive index of the whistler-mode
wave in the top layer of the ionosphere (e.g., chapter 3
in Helliwell, 1965). We evaluate the downward propa-
gation of whistler-mode waves based on the relation-
ship between the transmission-cone and the wave-
incident angles using the full-wave calculation.
Fig. 6 shows the altitude profiles of the horizontal
electromagnetic fields for different incident angles
(qi ¼ 0.0, 1.4, and 2.8 degrees) of the down-goingFig. 5. Schematic illustration of the full-wave calculation model. See
the text for more details.whistler-mode plane waves at a frequency of 6 kHz,
where Z0 is the wave impedance in vacuum. This
calculation assumes wave propagation in the Antarctic
region for which the calculation parameters are as
follows: the electron density and collision frequency are
suitable for theAntarctic region, the ionospheric altitude
ranges from60 to 200 km, the geomagnetic inclination is
63.0 degrees, the electron-cyclotron frequency is
1.2 MHz, the ground dielectric constant is 5.0, and the
ground conductivity is 103 S/m. The amplitude of the
electric field is taken as 1 V/m at the top of the iono-
sphere. The refractive index in the top layer of theFig. 6. Wave-injection-angle dependence of the altitude profiles of
the wave electromagnetic fields. (a) Strict vertical-wave injection.
(b) Oblique incidence within the transmission-cone angle (¼ 1.5
degrees). (c) Incident angle outside the transmission-cone angle.
Fig. 7. Observation results of PFX aboard the Akebono satellite on
15 March 2006.
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toneHartree equation in this case, which leads to
a transmission-cone angle q0 ¼ 1.5 degrees from equa-
tion (1). In Fig. 6a (for strict vertical injection of whis-
tler-mode plane waves), we clearly see that incident
waves can penetrate down to the ground. The wave-
length in free space is 50 km, and that in the ionosphere
becomes shorter by a factor of the ionospheric refractive
index. In addition, the magnetic-field intensities in the
ionosphere become large, while the electric field
weakens because of the ionospheric refractive index.
The electric and magnetic fields in free space exhibit
standing-wave patterns because of reflection from the
ground. Next, for an incident angle of 1.4 degrees
(within the transmission-cone angle of 1.5 degrees), in
Fig. 6b the incident waves are transmitted to the ground.
The vertical wavelength in free space becomes longer
because of the oblique incidence. Moreover, by
increasing the incident-wave angle outside the trans-
mission cone in Fig. 6c, whistler-mode plane waves
cannot penetrate the lower ionosphere because they
rapidly attenuate and eventually become evanescent
waves. Note that only plane waves in the ionosphere
injected with almost vertical incidence can penetrate the
lower ionosphere down to the ground. As shown by these
calculations, we can rigorously evaluate wave propa-
gation for different incident angles with respect to the
transmission-cone angle, both in the ionosphere and in
the Eartheionosphere waveguide.
4. Wave-normal analysis and ionospheric pene-
tration of Akebono observations on 15 March 2006
The incident-wave and transmission-cone angles of
VLF whistler-mode waves are important for iono-
spheric downward penetration. We theoretically
confirm ionospheric penetration of the dayside chorus
emission observed on 15 March 2006 (shown in
Fig. 3). The wave-normal angle with respect to the
geomagnetic field lines is defined from the azimuthal
and polar angles. The polar angles should lie within the
transmission-cone angle, almost irrespective of the
azimuthal angles, to penetrate the lower ionosphere.
Thus, we have focused only on the polar angle of the
wave-normal in this study. The polar angles qkB of the
chorus emission with respect to the geomagnetic-field
direction in the ionosphere were estimated using the
Means method (Means, 1972) with Akebono PFX data.
Then, whistler-mode wave propagation was evaluated
for the wave-normal angles.
Fig. 7 shows our propagation analysis of PFX data
observed on 15 March 2006 using the MCAspectrogram. The four panels in Fig. 7 represent the
MCA spectrogram (cf. Fig. 3), the Poynting-flux
intensities, the wave-normal angles qkB, and the
sequence of PFX observations (frequency sweep). We
selected the PFX operation where frequency increases
by 500 Hz every 3 s from 500 Hz to 6 kHz; i.e., spanning
the same frequency range as for our ground-based
observations. Here, the Poynting-flux intensities and
wave-normal angles are plotted only for observation
frequencies of 1 and 1.5 kHz, where chorus emission
was detected in the MCA dynamic spectra. The PFX
data consist of six data frames at each fixed observation
frequency, where one data frame has the waveform
down-converted to an output bandwidth of 50 Hz for the
observation period of 0.5 s. The Poynting-flux intensity
and the wave-normal angle in each data frame are
calculated at a given frequency with the maximum
spectral matrix because the wave intensities of chorus
emission rapidly change with time and frequency. We
see that the Poynting-flux intensities are>20 dBpW/m2
from about 14:51 to 14:54 UT, when the Akebono
satellite passed over the vicinity of the ground stations,
as shown in Fig. 4, and the wave-normal angles were
observed to be within 90e160 degrees. The
Fig. 8. Altitude profiles of electron density and collision frequency
in the ionosphere.
Table 1
Parameters for the full-wave calculation.
Parameter Value Unit
Wave-injection altitude 1900 km
Geomagnetic inclination 65.6 degrees
Electron-cyclotron frequency 1.208 MHz
Ionospheric altitude range 60e1900 km
Ground dielectric constant 5.0
Ground conductivity 103 S/m
438 M. Ozaki et al. / Polar Science 4 (2010) 431e441geomagnetic-field inclination around the ground
stations in Antarctica is approximately 65 degrees, so
that the observed wave-normal angles indicate down-
ward propagation. In particular, the wave-normal angles
at 1 kHz were approximately 140e160 degrees from
14:53:20 to 14:53:23 UT, when the Akebono satellite
was closest to the West Ongul ground station. From the
viewpoint of the wave-normal angles in the ionosphere
estimated from the PFX data, it seems possible that the
dayside chorus emission observed by the Akebono
satellite was recorded simultaneously by the ground
station. These wave-normal angles should lie within the
transmission-cone angle to penetrate the lower iono-
sphere. On the other hand, the Poynting-flux intensities
at 0.5 kHz were about 18e23 dBpW/m2 and the wave-
normal angles showed downward propagation to the
ground. The signal-to-noise (SN) ratio of the ground-
based data at 0.5 kHz was w16 dB because of strong
sferics, which was lower than the 26 dB observed at
1 kHz. The Poynting-flux intensities calculated from the
2 and 6 kHz PFX data were 10e20 dB less than those at
1 and 1.5 kHz. These data with low SN ratios would be
less reliable, so we only analyzed the profiles at 1 and
1.5 kHz. In addition, the wave-normal angles observed
on 3 February 2006 were distributed over thewide range
from 45 to 170 degrees and did not indicate downward
propagation to the ground.
Therefore, we examined whether the observed wave-
normal angles can penetrate into the lower ionosphere
down to the ground using the full-wave analysis. In
particular, we evaluated down-going wave propagation
for the observation from 14:53:20 to 14:53:26 UT, when
the Akebono satellite was closest to the ground stations.
Fig. 8 shows the profiles of the electron density and the
collision frequency used in the calculation. The elec-
tron-density profile was derived from the international
reference ionospheremodel with parameters relevant to
the observations (Bilitza, 2001). The effective collision
frequency was calculated to be proportional to both the
neutral particle density and the electron temperature
below the altitude of 200 km as the electron-neutral
particle collision (Nicolet, 1953). In contrast, above
200 km we used the profile of the electron-ion collision
frequency, which depends on the electron temperature
and density, and the electron/ion composition ratio
(Nicolet, 1953). In the period from 14:00 to 15:00 UTon
15 March 2006, the geomagnetic field and the CNA
recorded at Syowa Station were very quiet; conse-
quently, we consider that these parameters are appro-
priate for the ionosphere. The other parameters used for
our calculation are listed in Table 1. Based on the PFX
observations from 14:53:20 to 14:53:26 UT, as shown inFig. 7, down-going whistler-mode plane waves are
injected into the range of wave-normal angles qkB (with
respect to the geomagnetic-field direction) from 140 to
160 degrees at an altitude of 1900 km.
Fig. 9 shows our calculations of the intensities
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðZ0HxÞ2 þ ðZ0HyÞ2
q
Þ of the horizontal magnetic field
on the ground at frequencies of 1 and 1.5 kHz. The solid
and dashed lines represent 1 and 1.5 kHz, respectively.
Thewave amplitude of the electric field is normalized to
1 V/m at the injection altitude in the ionosphere. We see
that down-going whistler-mode plane waves can pene-
trate the lower ionosphere and propagate down to the
ground for incident-wave-normal angles centered at
155.6 degrees, with the angular width of several degrees.
The transmission-cone angles q0 for 1 and 1.5 kHz are
calculated based on the AppletoneHartree equation as
2.06 and 2.53 degrees, respectively. These ranges of
transmission-cone angles are shown around a center
angle of 155.6 degrees in Fig. 9. On the other hand,
down-going plane waves outside the transmission-cone
angle exponentially attenuate as evanescent waves and
cannot propagate to the ground, as was shown in Fig. 6c.
Two peaks of the magnetic-field intensity on the ground
appear around the edges of the transmission-cone
Fig. 10. Intensities of 1 kHz Poynting flux observed by the ground
station (West Ongul) and aboard the Akebono satellite.
Fig. 9. Magnetic-field intensities on the ground, as calculated by the
full-wave analysis.
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sphere waveguide caused by multiple reflections
between the ground and the lower ionosphere. The
energy direction of transparent waves becomes almost
parallel to the ground for wave incidence into the edge of
the transmission cone. As a result, transparent waves
would interfere with ground-reflected waves, exhibiting
a resonance in the Eartheionosphere waveguide. This
trend is seen in Fig. 6b. In this observation time period,
our theoretical calculations show that the transmission-
cone angles existed within the observed wave-normal
angles. Therefore, there are strong indications that the
chorus emission recorded by the Akebono satellite in the
ionosphere penetrated the lower ionosphere and was
simultaneously measured at West Ongul on the ground.
5. Energy transmission of whistler-mode waves
from the ionosphere down to the ground
Finally, we also calculated theoretically the wave
energy to evaluate further evidence of the simultaneous
observations obtained on 15 March 2006. Even if the
whistler-mode waves in the ionosphere have wave-
normal vectors within the transmission-cone angle, their
signals are not detected at the ground station if the
associated wave energy is insufficient, because the
waves may be damped while propagating through
the ionosphere down to the ground. A comparison
between the intensities of the Poynting flux observed on
the ground and observed by the Akebono satellite is
plotted (from 14:30 to 15:15 UT on 15 March 2006) in
Fig. 10, in which the solid line is the 1 kHz profile for the
ground station and the dots are for the Akebono satellite
from the 1 kHz PFX data (cf. Fig. 7b). In general, the
Poynting flux is the vector product of the electric and
magnetic fields, but our ground-based observationsobserved just the two components of the horizontal
magnetic fields. Therefore, here the intensities of the
Poynting flux P on the ground are simply calculated
from the horizontal magnetic fieldHxy using the relation
P

W=m2
¼ 1
2
Z0

Hxy ðA=mÞ
2
: ð2Þ
From 14:52 to 14:54 UT, when the Akebono satellite
approached the ground station, as shown in Fig. 4, the
Poynting-flux intensities on the ground were about
5 dBpW/m2 and the intensities detected by the Akebono
satellite were about 22e24 dBpW/m2. Thus, the wave-
energy losses of the chorus emission from the ionosphere
to the ground were about 17e19 dB. Absorption losses in
the ionospheric D region and attenuation in the Earth-
eionosphere waveguide would be a primary factor
causing this wave attenuation. Collisional absorption
losses in the ionospheric D region are on the order of
10e40 dB in the daytime and 1e4 dB at night (see
chapter 3 in Helliwell, 1965). Wave attenuation on the
order of w7 dB per 100 km in the Eartheionosphere
waveguide was experimentally shown by Tsuruda et al.
(1982) and theoretically estimated by Nagano et al.
(1986). It is difficult to estimate these values, as the
wave-energy loss process depends on various parameters,
such as the ionospheric conditions (electron density and
collision frequency), the amplitude and direction of the
geomagnetic field, the wave frequency, and the wave-
normal direction. Full-wave analysis can also calculate
the energy of VLF whistler-mode waves, taking into
account the attenuation effects of both the lower iono-
sphere and the Earth-ionosphere waveguide. To estimate
the wave-energy losses for the simultaneous observations
of chorus emission at 14:53 UT on 15 March 2006, we
used the full-wave calculation for three-dimensionalwave
propagation of a whistler-mode beam (Nagano et al.,
Fig. 11. Horizontal distribution of wave-energy loss on the ground,
as estimated by the full-wave calculation.
440 M. Ozaki et al. / Polar Science 4 (2010) 431e4411986;Wu et al., 1996), whichwas extended from the one-
dimensional downward propagation of the whistler-mode
plane waves presented in Section 3. The calculation
parameters are the same as those used in Section 4 (see
Fig. 8 and Table 1). However, the adopted altitude ofwave
injection is 120 km, because the whistler-mode waves in
the upper ionosphere do not attenuate (Wu et al., 1996).
Fig. 11 shows the horizontal distribution of the wave-
power density on the ground calculated from the full-
wave analysis,where the values of wave-power density on
the ground are normalized by the value for the whistler-
mode beam in the ionosphere at an altitude of 120 km. In
the horizontal region on the ground just below the injec-
tion region of the whistler beam, the energy loss is about
5e10 dB. After the whistler-mode waves propagated
along the geomagnetic field lines in the lower ionosphere,
they propagated in the Eartheionosphere waveguide and
their energy spread concentrically, as shown in Fig. 11.
As a result, the wave-energy loss at West Ongul is
estimated at 20.4 dB from the full-wave calculation,
which is consistent with the observed 17e19 dB. On the
other hand, we assumed that the wave-normal vectors of
the injected whistler beam are uniformly distributed
over the transmission-cone angles. If just a part of the
wave-normal vectors were included within the trans-
mission-cone angle, the wave-energy loss on the ground
would be much larger. Moreover, we have assumed only
a single exit point of VLF emission along the orbit of the
Akebono satellite, because the Poynting-flux intensity
around a frequency of 1 kHz becomes largest and the
wave-normal angles at 1 kHz are included within the
transmission-cone angles in the vicinity of the ground
station. The distribution of the wave-power density
would change in the case of exit points located near the
ground station away from the satellite orbit. As the full-
wave analysis can also be applied to more than a single
exit point, the localization techniques of multiple VLF
ionospheric exit points would be important for more
detailed future analyses (e.g., Ozaki et al., 2008).
6. Conclusion
We were fortunate to obtain an observation in which
the same natural VLF waves (the dayside chorus) were
detected simultaneously by a ground station and the
Akebono satellite on 15 March 2006, as shown in Fig. 3.
We evaluated the wave-propagation properties and
compared the results with theoretical calculations. The
wave-normal angles with respect to the geomagnetic-field
direction observed by the PFX aboard the Akebono
satellite were about 140e160 degrees for its nearest
footprints from the ground station. Chorus is generated inthe magnetosphere and regularly propagates to the polar
regions in nonductedmode (seeBurton andHolzer, 1974).
We theoretically calculated the down-going whistler-
mode wave propagation based on the Akebono observa-
tions of the wave-normal angles using full-wave analysis.
The calculations showed that the wave-normal angles for
ionospheric penetration are seen at around 155.6 degrees,
with the angular width of approximately 2 degrees, which
is the transmission-cone angle. The two resonance cones
in the Eartheionosphere waveguide were seen around the
edges of the transmission cone. Moreover, we estimated
the wave-energy loss of the down-going whistler-mode
waves from the ionosphere to the ground station. Themain
factors contributing to wave attenuation for ionospheric
penetration would be collisional absorption losses in the
ionospheric D region and attenuation in the Earth-iono-
spherewaveguide. These effects of wave attenuation were
considered in our full-wave calculation. The calculations
showed that the wave-energy loss at West Ongul becomes
20.4 dB, consistent with the observed loss of 17e19 dB.
Therefore, we could strongly conclude that VLF whistler-
mode waves were recorded simultaneously by the Ake-
bono satellite and on the ground on 15 March 2006.
Simultaneous ground-satellite observations of natural
whistler-mode waves are difficult to obtain because there
441M. Ozaki et al. / Polar Science 4 (2010) 431e441are many conditions that must be satisfied at the same
time (see Section 2.2). In fact, we could obtain only one
event of simultaneous ground-satellite observations from
among approximately 90 chances. Thus, we should use
a controllable artificial sounder signal emitted from
a satellite, such as the IMAGE satellite, for future
studies. In this study, we used data from one ground
station and one satellite. For more detailed studies and to
evaluate the influence of whistler-mode wave propaga-
tion on the complicated structure of the electron density
in the ionosphere, we should investigate the ionospheric
downward penetration of whistler-mode waves by
simultaneous multipoint ground-satellite observations.
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